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ABSTRACT 
Extensive research has been conducted at Case Western Reserve University to introduce and evaluate the energy concept in defming 
the liquefaction potential of soils when subjected to dynamic loads. Generalized relationships were obtained by performing regression 
analyses between the energy per unit volume at the onset of liquefaction and liquefaction affecting parameters. This study deals with 
evaluating and examining the suitability of these relationships using centrifuge modeling. Centrifuge liquefaction testing of several 
soils with different grain-size characteristics made it possible to evaluate the validity of the energy method in determining the 
liquefaction potential of a soil deposit. Dynamic centrifuge tests were conducted on scaled pore fluid-saturated models, prepared in a 
laminar box, representing a prototype thickness of 7.6 m. A simplified procedure for estimating the energy per unit volume from the 
recorded horizontal accelerations and the lateral displacements at different depths is presented. The total energy at the onset of 
liquefaction is obtained from the stress-strain time histories from centrifuge testing results and compared with the same energy 
calculated from regression equations developed through torsional series tests. A rational procedure to decide whether or not 
liquefaction of a soil deposit is imminent can be formulated by comparing the calculated unit energy from the time series record of a 
design earthquake with the resistance to liquefaction in terms of energy, based on in situ soil properties. 
INTRODUCTION 
Liquefaction of soils during earthquakes has received a lot of 
attention among the geotechnical community and extensive 
research has been conducted during last three decades to 
understand the mechanisms leading to it, in order to develop 
methods of evaluating the potential for liquefaction. This 
phenomenon was best illustrated in the Niigata and the Alaska 
earthquakes of 1964, and recently the Kobe earthquake of 
1995 where severe damage was inflicted to buildings, 
embankments, infrastructures and natural slopes. The 
phenomenon of liquefaction of saturated granular materials 
has been understood in a qualitative way for many years. Two 
methods have been developed and used to determine the 
liquefaction potential of a soil deposit: a stress based method, 
of Seed and Idriss (197 1); and a strain based method, of Dobry 
et al. (1982). Nemat-Nasser and Shokooh (1979) introduced 
the energy concept for the analysis of densification and 
liquefaction of cohesionless soils. It is based on the idea that 
during deformation of these soils under dynamic loads part of 
the energy is dissipated into the soil. This dissipated energy is 
represented by the area of the hysteric shear strain-stress loop 
and could be determined experimentally. Figueroa (1990) 
developed the initial concept of energy-based method and 
realized the need to experimentally examine the relationship 
between the energy per unit volume and the parameters 
influencing liquefaction. A number of experimental studies 
were conducted by Davis and Berrill (1982), Simcock et al. 
(1983), Law et al. (1990), and Liang (1995) to establish 
relationships between the excess pore water pressure 
increments developed during the dynamic motion and the 
dissipated energy. Extensive liquefaction related research has 
been conducted at Case Western Reserve University (CWRU) 
including the identification of significant parameters affecting 
the unit energy required for liquefaction, and the development 
of a relationship in terms of unit energy to determine the 
liquefaction potential of soils when subjected to dynamic 
loads (Figueroa and Dahisaria, 1991; Figueroa et al., 1994; 
Figueroa et al., 1994; Liang, 1995; Liang et al., 1995; Rokoff, 
1999; Dief, 2000; Dief and Figueroa, 2000). Liang (199.5) 
conducted strain-controlled torsional triaxial experiments on 
hollow cylinders of sand to examine the influence of shear 
strain amplitude, effective confining pressure, relative density, 
soil type and loading pattern on the liquefaction characteristics 
of soils based on the energy concept. Liang (1995) developed 
a statistical relationship for Reid Bedford sand between the 
energy per unit volume needed for liquefaction as the 
independent variable and the relative density, effective 
confining pressure and amplitude of applied shear strain as 
independent variables, as follows: 
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Sinusoidal Shear Test 
log,,(&)=2.002+0.00477~C’ +O.Ol MD,, R2 = 0.937 (1) 
Random Shear Test, 
log,,(&) = 1.2062 + 0.0039 c,’ + 0.0124 D, , R2 = 0.925 (2) 
where: 6w = energy per unit volume (J/m 3 ), 
crc’= effective confining pressure (kPa), 
D, = relative density (%), and 
R2 = coefficient of determination. 
Rokoff (1999) developed a statistical relationship including 
relative density and effective confining pressure to identify the 
unit energy level required for liquefaction for Nevada sand as 
follows: 
log&w)= 1.371+0.005975~~,’ +O.O2067D,, R* = 0.872 (3) 
The main focus of this study deals with evaluating and 
examining the suitability of the relationships developed by 
Liang (1995) and Rokoff (1999) through earthquake 
centrifuge modeling. 
LABORATORY TESTING 
A total of 20 liquefaction tests were conducted on Nevada 
sand and Reid Bedford sand at 50 and 60 g’s to determine the 
prototype behavior in a centrifuge model. Relative densities 
of 50%, 60%, 65%, 70% and 75% were considered. The 
model container used in these tests is a laminar box designed 
to allow soil deformation in the longitudinal direction with 
minimal interference in one-dimensional shear tests. It 
consists of 13 rectangular aluminum rings separated from one 
another by linear motion anti-friction bearings. The internal 
dimensions of the box are 53.3 cm (length) x 24.1 cm (width) 
x 17.7 cm (height). Parameters such as acceleration, 
displacement and pore pressure are monitored throughout the 
tests which include the use of a viscosity-scaled pore fluid to 







I (AH) Horizontal accelerometer 
a (LVDT) Linear variable differential transformer 
l (P) Pore water pressure transducer 
that for fluid flow. A sketch of CWRU’s laminar box and 
instrumentations used for the soil model is presented in Fig. 1. 
DATA PROCESSING AND CALCULATION 
In dynamic centrifuge modeling, a procedure is developed for 
reconstructing the shear stress-strain history to liquefaction at 
different depths, within the prototype, from the recorded 
accelerations and lateral displacements of the laminar box 
segments as well as for calculating the amount of dissipated 
energy per unit volume for each layer up to the end of the 
earthquake (Dief, 2000). This dissipated energy is represented 
by the area of the hysteric shear strain-stress loop (Figueroa, 
1990; Figueroa et al., 1994; Figueroa et al., 1995; Liang et al., 
1995 and Liang, 1995). The recorded horizontal accelerations 
and LVDT readings corresponding to horizontal 
displacements can be processed and the lumped mass model 
may be used to simulate the horizontal soil layers (Idriss and 
Seed, 1968; Finn et al., 1977; Liang, 1995). A horizontal soil 
deposit is divided into N layers and N+l nodes. Lumped 
masses are concentrated at the nodes and only have horizontal 
displacement. 
This lumped mass system, results in a group of equations 
which can be determined using the free body diagram shown 
in Fig. 2, where aj = acceleration of the j lh node with mass 
mj, defined by: a j = i’, CJ= 1,2 ,..., N). Knowing the 
horizontal acceleration of the j Ih node and the j th mass m,, 
the shear stress rj in the j lh layer can be calculated for each 
node from top to bottom using the equations of motion in the 
form of the central difference method as follows (Dief, 2000): 
lj ti = Tj -  Tj+] (5) 
Where rj = shear stress in the j Ih layer 
Also, knowing the horizontal displacements at the j'" 
node (Uj ) and the thickness of the j lh layer (hj,, the shear 





The accumulated energy per unit volume (6W) absorbed by 
the specimen, until it liquefies is given by Figueroa et al. 
( 1994): 
n-l * 
SW = 1 ,Crj + ‘i+l >(Yi+l - Y, > (7) 
,=I Fig. 1. CWRU laminar box and model configuration 
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Where: n = the number of points recorded to liquefaction. 
Then from equations 4, 5, 6 and 7 the accumulated energy per 
unit volume (SW) absorbed by the specimen, until it liquefies 
can be determined (Dief, 2000). Because of the limitation in 
the instrumentation used in recording the seismic soil 
response, a linear interpolation of acceleration and 
displacement over the thickness of each layer was calculated 
based on recorded motions at the top and bottom of this layer, 
as adopted from Zeghal and Elgamal(1994). 
(1-1.2 ,......, N-l) 
Fig. 2. Free body diagram of the lumped mass model 
TEST RESULTS AND ANALYSIS 
A typical liquefaction test of Nevada sand is selected to 
explain representative results. The specimen was prepared at a 
relative density of 58.5% (nominal 60%) and tested at 60 g’s 
representing a prototype thickness of 7.6 m. The 
corresponding total saturated and dry unit weights of the sand 
are 19.7 kN/m3 and 15.85 kN/m3 respectively (Dief, 2000). 
The prototype base horizontal acceleration time history is 
shown in Fig. 3. 
(r, =p/o,, 
The excess pore pressure ratios 
where p is the excess pore pressure and a,: is 
the initial effective vertical stress) obtained from the records 
of the four pore-pressure transducers for the selected test are 
shown in Fig. 4. The records show the rapid build up of the 
pore pressure ratios of transducers Pi and Pz during the first 2 
seconds, and then increase at a decreasing rate as they near 
r,, = 1 causing initial liquefaction. In fact the pore pressure 
ratios of transducers P3 and P4 located at shallow depths did 
not reach unity. 
The accumulated energy per unit volume (J/m’) required for 
liquefaction, computed from centrifuge tests is determined at 
the point of initial liquefaction where the pore pressure for the 
liquefied layer initially reaches the effective overburden 
pressure (r,, = 1). For all tests, the accumulated energy per 
unit volume required for liquefaction is determined using the 
procedure explained before in Equations 4 through 7. Figure 5 
shows the variation of the total accumulated energy per unit 
volume for each layer of the selected test of Nevada sand. It is 
observed that the major contribution to the energy per unit 
volume occurs at the time of the high pore pressure build up. 
From Fig. 4 and 5 it is observed that the nature of the curve of 
the increase of pore pressure is similar to the one of the 
accumulated energy per unit volume, indicating that the 
energy per unit volume approach is related to the pore 
pressure build up as well as to liquefaction. 
Centrifuge test results were compared with the equations 
developed by Liang (1995) for Reid Bedford sand at gravity 
levels of 50 and 60 g’s representing two different confining 
pressures as shown in Fig. 6 and 7 respectively. Also, 
centrifuge test results are compared with the equations 
specified by Rokoff (1999) for Nevada sand at gravity levels 
of 50 and 60 g’s as shown in Fig. 8 and 9 respectively. 
Centrifuge test results are averaged using the logarithmic 
curve fit which provides the best approximation to the data as 
tested and concluded before by Liang (1995) and Rokoff 
(1999). Figures 6 and 7 compare the centrifuge test results and 
its average curve with Equations 1 and 2 for Reid Bedford 
sand. It is noticed that the centrifuge based average curve is 
parallel to all developed equations by Liang (1995) for both 
random and sinusoidal loading types. It is seen that the shift 
between the curves representing the centrifuge test data and 
the random loading equation developed by Liang (1995) is 
smaller than the shift between the curves of Liang’s random 
and sinusoidal loading equations with the latter appearing on 
the farther side of the curve of the centrifuge test data. As 
shown in Fig. 8 and 9, the average curve of the centrifuge 
results is very close and parallel to the torsional shear 
Equation 3 developed by Rokoff (1999) for Nevada sand. The 
equivalency of the Nevada sand equation developed by Rokoff 
(1999) through sinusoidal torsional shear testing with the 
curve representing the centrifuge test data supports the 
conclusion that the unit energy to liquefaction is independent 
of the type of loading. From Fig. 6, 7, 8, and 9, it is observed 
that at the same confining pressure, the finer Nevada sand 
requires lower energy for liquefaction than the coarser Reid 
Bedford sand. All test results on Reid Bedford sand and 
Nevada sand show that the total energy required for 
liquefaction increases as the relative density increases. Also, it 
is observed that the total energy is greater at higher 
confining pressures for the same nominal relative density, 
however the effect of this parameter is smaller compared with 
that of the relative density. 
A rational procedure to decide whether or not liquefaction of a 
soil deposit is imminent can be formulated by comparing the 
calculated unit energy from the time series record of a design 
earthquake with the resistance to liquefaction in terms of 
energy, based on in situ soil properties. This procedure was 
initially introduced by Liang (1995) and then later studied in 
more detailed by Figueroa et al. (1998a, b), Rokoff (1999) and 
Dief (2000). 
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Fig. 6. Energy per unit volume versus relative density for 
Reid Bedford sand (0 cm =29kPa) 
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Fig. 7. Energy per unit volume versus relative density for Reid 
Bedford sand (0, =34kPa) 
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Fig. 9 Energy per unit volume versus relative 
density for Nevada sand (0; =34kPa) 
The dissipated energy per unit volume during the earthquake 
can be computed using the numerical procedure developed by 
Liang (1995) to calculate the seismic response of horizontal 
soil layers to give shear stresses and shear strain histories for 
each layer (Figueroa et al., 1998b). The in situ resistance to 
liquefaction in terms of energy can be determined by applying 
the pre-described Equations 1 and 2 for Reid Bedford sand 
and Equation 3 for Nevada sand. For the centrifuge test results 
for the selected Nevada sand test, by comparing the energy per 
unit volume dissipated into the soil layers, which is obtained 
from the centrifuge test results, with the energy required for 
liquefaction, which is obtained by applying Equation 3 as 
shown in Fig. 10, it can be seen that liquefaction occurs close 
to the bottom of the deposit, where the dissipated energy 
exceeds the resistance. 
SUMMARY AND CONCLUSIONS 
The use of the energy concept to define the liquefaction 
potential of soils when subjected to dynamic loading has been 
examined and validated through a series of centrifuge tests. A 
total of 20 liquefaction tests at selected relative densities were 
conducted on specimens of Reid Bedford sand and Nevada 
sand. Parameters such as accelerations, displacements and 
pore pressure were monitored through the tests. The amount of 
the dissipated energy per unit volume in a soil deposit in 
centrifuge modeling can be determined by using the simplified 
procedure developed herein. In this technique, the recorded 
horizontal accelerations and lateral displacements at different 
depths within the prototype are used to estimate the shear 
stress-strain time histories and consequently, the energy per 
unit volume at any instant up to liquefaction. The values of the 
energy per unit volume at the onset of liquefaction in each of 
the twenty individual cases are estimated, and the influence of 
the relative density and the confining pressure on the unit 
energy level required for liquefaction was examined. It is 
observed that at the same confining pressure, finer soils need 
lower energy per unit volume to reach liquefaction. Centrifuge 
test results show that the total energy required for liquefaction 
increases as the relative density increases and the total energy 
is greater for higher confining pressures for the same relative 
density, confirming the results of torsional shear tests 
conducted at CWRU. It is noticed that the energy per unit 
volume increase is related to the pore pressure development, 
with the major contribution to the energy per unit volume 
occurring at the time of the higher pore pressure build up. 
Centrifuge test results equations showed a consistent trend and 
close agreement with the measured data provided by the 
regression equation developed by Liang (1995) and Rokoff 
(1999) to estimate the resistance of a soil deposit to 
liquefaction. A rational procedure to decide whether or not 
liquefaction is imminent can then be formulated by comparing 
the calculated unit energy from the time series record of a 
design earthquake with the resistance to liquefaction in terms 
of energy, based on in situ soil properties. 
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Fig. 10 Determination of the liquefaction potential 
of a soil deposit using the energy method 
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